F lagellin, the main component of bacterial flagella, is a well-known pathogen-associated molecular pattern (PAMP) that can be recognized by the cell surface-localized Toll-like receptor 5 (TLR5) and the cytosolic NOD-like receptor protein 4 (NLRC4) inflammasome receptor NAIP5/6. 1 Hosts can detect flagellated bacteria using the dual sensors, TLR5 and NAIP5/6, to recognize flagellin, and these sensors then initiate innate immune responses to protect the host from bacterial infection. Recognition by extracellular TLR5 can trigger the MyD88-dependent signaling pathway and activate nuclear factor κB, leading to the upregulation of several proinflammatory cytokines. 2 In the cytosol, flagellin recognition by NAIP5/6 leads to the processing of pro-IL-1β and pro-IL-18 to their mature forms (IL-1β and IL-18, respectively) for secretion, followed by pyroptotic cell death. 3 Flagellin consists of two highly conserved domains (D0 and D1) and one central hypervariable domain (D2/D3). The conserved D0 and D1 domains are required for the immune activity of flagellin as a PAMP. In Salmonella typhimurium flagellin, the N-terminal amino acids (aa) 89-96 (QRVRELAV) of D1 form a highly conserved motif that is essential for both high-affinity binding to TLR5 and subsequent signaling, 4 whereas the NAIP5/6 recognition site of flagellin proteins is located in the C-terminal leucine-rich helical hairpin region. 5 Because of these characteristics, flagellin is commonly utilized as an adjuvant for various vaccine candidates. It has been reported that TLR5 recognition by flagellin is not necessary for the adjuvant effect of flagellin. 6 However, alterations in aa 89-96 of flagellin, the TLR5-binding site, can significantly reduce its adjuvant effect. 7 These findings seem to be contradictory and remain to be reconciled. In this issue of Cellular and Molecular Immunology, Zhang et al. provided data suggesting that aa 89-96 of S. typhimurium flagellin is not only the crucial site responsible for TLR5 recognition but also a key site for its humoral immune adjuvant effect through a TLR5-independent pathway (Figure 1) . These findings revealed an unappreciated relationship between the TLR5 recognition activity and the adjuvant activity of aa 89-96 of flagellin. 8 Campylobacter jejuni and Helicobacter pylori possess specific amino-acid changes in the TLR5 recognition site of flagellin, and these changes can abolish TLR5 recognition. 9 To determine whether the alteration of aa 89-96 of flagellin could affect recognition by TLR5 and downstream signaling, Zhang et al replaced aa 89-96 of the S. typhimurium flagellin gene fliC with the corresponding flagellin (flaA) sequence from C. jejuni. The aa 89-96-mutant flagellin was obtained using a flagellated recombinant Salmonella strain (pTrc99a-fliC-89-96, flagellin with the native conformation) or expressed by Escherichia coli (pET30a-fliC-89-96). The pTrc99a-fliC-89-96 flagellin mutant induced a marked reduction in IL-8 secretion compared with that induced by pTrc99a-fliC-WT in HEK293-mTLR5 cells expressing the murine TLR5 under low stimulus concentrations. However, pET30a-fliC-89-96 flagellin was unable to induce IL-8 production in HEK293-mTLR5 cells, consistent with a previous report showing the loss of this ability in a mutant expressed by E. coli in which aa 89-96 of flagellin was deleted. 10 Considering that E. coli-expressed flagellin may not retain all of the characteristics of native flagellin, it is reasonable to infer that pTrc99a-fliC-89-96 flagellin and pET30a-fliC-89-96 flagellin have different TLR5 activation abilities. These findings also suggest
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Flagellin is known to have broad adjuvant activity attributable to NLRC4 and TLR5 signaling. 13 However, TLR5 recognition is not necessary for the adjuvant effects of flagellin in the presence of NLRC4 signaling. 14 Indeed, Zhang et al. found that the I411A mutant flagellin, which modestly reduced TLR5 recognition, did not affect flagellin adjuvant activity. Interestingly, aa 89-96 fliC → flaA mutant flagellin, which also reduced TLR5 recognition, significantly decreased the adjuvanticity of flagellin. These results were further confirmed when ovalbumin (OVA) or the inactivated vaccine strain H5N1 Re-6 was used as an extrinsic antigen and coadministered with flagellin. It has been reported that TLR5 or NLRC4 recognition is necessary and sufficient for mediating the adjuvant effect of flagellin. 14 Flagellin adjuvanticity requires at least one of the two recognition signals. When TLR5 recognition is impaired, the extent to which flagellin-induced NLRC4 mediates activation of the inflammasome plays a significant role in its adjuvant ability. Moreover, Zhang et al. found that reduced TLR5 recognition activity was accompanied by decreased NLRC4 signaling in aa 89-96 fliC → flaA mutant flagellin. These findings may explain why a decreased adjuvant effect was observed.
Because aa 89-96 is a TLR5-binding site, Zhang et al. assessed whether the reduced adjuvanticity was due to impaired TLR5 recognition activity in the 89-96 fliC → flaA mutant flagellin. They compared the adjuvant effects of WT and aa 89-96 fliC → flaA flagellin in C57BL/6 WT and C57BL/6 TLR5-knockout (KO) mice. WT or aa 89-96 fliC → flaA flagellin co-administration with OVA induced the same amount OVA-specific IgG in C57BL/6 WT and C57BL/6 TLR5KO mice. This finding convincingly demonstrates that flagellin adjuvanticity does not require its TLR5 ligand activity. In addition, aa 89-96 fliC → flaA flagellin had significantly reduced adjuvanticity compared with WT flagellin in both strains of mice, suggesting that aa 89-96 was responsible for the adjuvanticity of Salmonella flagellin. These results imply that aa 89-96 of flagellin is a key site responsible for its adjuvant effect in humoral immunity, but this effect is not dependent on TLR5 signaling. In addition, Zhang et al. found that aa 89-96 fliC → flaA flagellin retained some adjuvanticity, indicating that other sites (in addition to aa 89-96) or other factors may be responsible for the adjuvanticity of flagellin.
The study by Zhang et al. proposed a novel model in which aa 89-96 of S. typhimurium flagellin is not only the crucial site responsible for TLR5 recognition but also a key site for the humoral immune adjuvant effect, which was independent of TLR5 signaling (Figure 1 ). It will be interesting to clarify the precise mechanism of the TLR5-independent pathway. The study by Zhang et al. expands our understanding of flagellin adjuvanticity. Further elucidation of the mechanisms underlying flagellin adjuvanticity will provide insight into the rational design of flagellin-based vaccines. Over-activation of TLR5 signaling by flagellin may play an important pathophysiological role in certain inflammatory diseases. 15 Thus, it is important to develop a flagellin adjuvant that effectively promotes humoral immunity Figure 1 TLR5-independent adjuvanticity of flagellin aa 89-96. The structure of Salmonella typhimurium flagellin is composed of two highly conserved domains (D0 and D1) and one central hypervariable domain (D2/D3). Amino acids 89-96 of flagellin (located in the D1 domain) constitute both the crucial site responsible for the humoral immune adjuvant effect and the TLR5 recognition site. However, the adjuvanticity is not dependent on typical TLR5 binding.
without inducing robust pro-inflammatory cytokine secretion.
